Recent developments in collection and interpretation of remotely sensed back radiation data from the earth surface obtained by satellites has made it possible to readily delineate areas covered by snow on the earth surface. In view of this, attempts have been intensified during the last decade to generate statistical relationships between the snow covered area in a basin and the corresponding runoff during the snow-melt period. However, examination of such relationships developed specifically for forecasting purposes in the Indus River basin in Pakistan indicates that, given the current data and operational constraints, their usefulness is very limited. The need for improving collection of remotely sensed data on snow to obtain information on snow density and other auxiliary information is emphasized.
Introduction
Development during the last two decades of remote sensing techniques using satellites lead to a number of hydrological applications, of which the one that found the most widespread use is the delineation of snow covered areas in large regions or in specific river basins (Rango 1983) . As it seems obvious that the amount of runoff in the snow-melt period in a given basin is related to the area covered by snow in that river basin, a number of attempts have been made, particularly during the last 10-15 years to develop flow forecasting techniques based on statistical relationships between data on the snow covered area at the beginning of the snow-melt period M. i ? A. Makhdoom and S. I. Solomon and the runoff volume during the snow-melt period. There are many good reasons to attempt developing such techniques. Data on snow covered area can be obtained readily and inexpensively from various meteorological and earth resources satellites, while collecting such data through ground surveys or conventional aerial surveys is expensive and timeconsuming. In some cases, where river basins cover areas in several countries, the obtaining of data through ground or aerial surveys may be practically impossible. Furthermore, data can be obtained at frequent time intervals. The variation in time of the snow covered may be an indicator of the rate of melt and corrections to early, more erroneous forecasts can be made. And, last but not least, such forecasts can be made through and promote international cooperation.
However, when such forecasts are used in practice, one should consider a number of factors which complicate the relationships between snow covered area and snow-melt runoff. Although these factors are readily recognized, their inclusion in the statistical forecasting technique is rarely achieved in practice. Thus, for example, it is common knowledge that, in addition to the snow covered area, the depth and density of the snow also plays a significant role in determining the volume of water available for snow-melt. For example, Martinec (1982) presented the case of a basin which had in two different years the same percentage of snow covered area but, since the water equivalent of snow was double in one year compared to the other, the corresponding flow value during the melt period was also about double. However, the water equivalent of snow is sometimes ignored in the practical application of the forecasting technique using satellite data, because snow depth and density can not be yet estimated operationally through remote sensing from satellites, and ground truth data are either so sparse as to be nonrepresentative, or too expensive to use operationally.
Other meterorological data, which could provide some indication on the snow density and depth, such as precipitation, temperature, air humidity, wind frequency and speed etc. are also usually ignored. In fact Rango (1983) developed based on Martinet's (1982) work a snow melt-runoff model which takes into consideration meteorological data. The operational use of complex models will encounter significant difficulties, particularly in developing countries, because of lack of the required input data. The chance is better for the Martinec model (SRM) since it requires only snow covered area, temperature and precipitation.
In several cases (e.g. Rango et al. 1975 and 1977) forecasting relationships have been developed in the form of simple regressions between the volume of flow of the snow-melt period and the area covered by snow at the beginning of the melt period. As use of such techniques has been made or proposed in practice, it was considered of interest to investigate the usefulness of the technique for operational applications on the basis of a case study. The case study selected was that of the Indus River basin at Besham Qila in Pakistan. This basin was selected for the following reasons:
a) The Indus River basin is a large one with a significant contribution of snow-melt to runoff during the high water season. b) Because the area of the Indus River basin at Besham is divided between three countries (Pakistan, China and India), obtaining of data on snow covered areas every year using conventional techniques is extremely difficult. c) The topographic conditions in the basin would make the obtaining of snow data by conventional means, extremely expensive. d) A number of studies on the application of such forecasting techniques have been carried out over the last 12 years (Solomonson and MacLeod 1972; Rango et al. 1975; Rango et al. 1977; Qureshi and Chaudhary 1978; Makhdoom 1981 and Tarar 1982 ). e) There is clearly a keen interest in Pakistan in developing and applying in practice the technique.
Objectives
The case study was carried out with the following objectives: a) To assess the usefulness of the technique in practical operational application. b) To investigate if additional readily available variables could improve the usefulness of the technique. c) To propose further investigations that might lead to improved usefulness of the technique.
Results and Discussion
The technique was applied initially to the Indus River by Rango et al. (1975) but at Attock and not at Besham Qila (Fig. 1 ). Since Attock is located downstream of the main operational dam of the Indus in Pakistan (the Terbela dam and reservoir), the Pakistan authorities requested that the investigation be reconsidered and the relationship between snow covered area and run-off during the melt period be developed for the Besham Qila station which is upstream of the reservoir. The results of this revised study were reported by Rango et al. (1977) . The regression between flow from the period 1969 to 1973 and snow cover developed by them was based on snow cover data from imagery obtained by ESSA and NOAA satellites and had a correlation coefficient of 0.9055, which was significant at the 95% level. The relationship was checked by the authors for one year (1974) , and lead to a forecasting estimate which had an error of about 7%. A check carried out by the writers for other years based on snow cover data obtained from the sources shown in Table 1 indicates that for the period 1974-79, the errors of forecasting would have been Table 2 .In fact the errors would have been significantly higher than those which would have been made if the recorded average runoff for the period preceding the year for which the forecast is made would have been used as the forecast value. The third snow-melt forecasting study using satellite data on snow cover in the Indus River basin is that of Qureshi and Chaudhary (1978) . They used data on snow covered areas obtained in 1975 and 1976. In order to obviate for the lack of a time series of data, they used data on flow and snow cover area for several river basins in Northern Pakistan. The study area was subdivided into four regions on the basis of their general geographical and climatic characteristics, and the relationships developed separately for each region. In some of the relationships data for each year were considered separately while for some rivers average values for the two years were included (no explanation was provided in the report for this somehow arbitrary procedure). In the region I11 which included the river basin of interest (Indus River at Besham Oila), the flow and snow cover data were averaged for the two years of record used for three out of four stations. However, for the where R is the April 1 to August 31 runoff in MAF (1 MAF = 1.233 billion m3) and A is the area of the basin covered by snow on first of April in thousands of square miles (1 sq. mi = 2.59 km2). The correlation coefficient (0.945) was not statistically significant at the 99% confidence level but statistically significant at the 95% confidence level. The fourth study (Makhdoom 1981) analyzed the possible improvements to the results by using as an additional independent variable the flow at the time of forecasting. Flow data for the period 15-21 April were used for this purpose (Table  3) . Estimates of snow covered area were made using Landsat imagery for the years * Extension of the application of the forecasting equation to the 1979 period could be done because of unavailability of August runoff data for this period. (Fig. 2) . Snow cover data for other years were those used in the other studies (Rango et al. (1977) for the period 1970 to 1974, Qureshi and Chaudhary (1978) for the years 1975 and 1976 , and Tarar (1982 The analysis was pursued using various periods of record for the calibration and checking sample, including the use of the initial years of the period of record as checking data. In all cases the results were similar to those obtained above except in the cases where trivariate correlations were developed by the following calibra-tion samples:
In these particular cases ti1 prediction by the use of the average May -July flow (for the period for which the correlation equations were developed) indicate less good results than those obtained from the application of the correlation equations, as illustrated in Table 3 .
In view of the poor results obtained in all other cases, these somewhat better results can be considered only partially of statistical or practical significance, and possibly represent a result of a random nature.
The fifth study (Tarar 1982 ) is similar to that by Qureshi and Chaudhary (1978) , except that it deals with slightly different basins, periods of record, and dates of prediction. There is no validation attempt in that study, and Tarar indicates that because of this he can not assess the confidence limits of his prediction. The regression equation developed by Tarar for the group that includes the River Indus at Besham is where R is the runoff from March 1IApril1 to August 31 in MAF and A is the area of the basin covered by snow on March 1IApril1 in thousands of square miles. The correlation coefficient is 0.889 (statistically significant at the 95% confidence level, but not significant at the 99% confidence level). When this regression is used to simulate "forecasts" of April 1 to August 1 runoff for the years 1970 to 1974, the validation errors are 35.56,39.39,26.75,36.19 and 29.25 percent, respectively . The use of the mean as the "forecast" value would have resulted in errors of 12.95,5.52, 0.26, 37.66 and 2.23 percent, respectively. Thus, as in the other cases the regression developed by Tarar (1982) can not be considered for practical applications.
Conclusions and Recommendations
The studies described above indicate that it is premature to consider that the delineation of the snow cover area in the basin at the time when the snow-melt begins is a sufficient index for operationally predicting flow volume during the snow-melt period. However, it is possible that the poor results obtained are partially due to the non-homogeneity of the basic snow cover data which have been obtained from quite different sources and interpreted by different agencies and authors. This non-homogeneity of the snow data is bound to affect the results adversely in one way or the other. But it is likely that the errors of forecasting are related, to a large extent, to the initial assumption that snow volume is directly proportional to snow cover area, an assumption which involves ignoring the aspects of snow depth and density, the effects of glacier-melt and other factors, and to the other crude assumptions of the model used.
The use of flow data prior to or at the time when forecasting is made is likely to improve the predictions. However, within the framework of the very crude models which were discussed here, this improvement was too limited to be significant for practical purposes.
Significant correlation coefficients between flow volume in spring -summer and the corresponding snow cover area at the beginning of the snow-melt period are not necessarily indicative of possible better predictions than those obtained by using the mean of the predictand variable as the forecast value. Since the period of record on which these correlations are based is short, good correlations may be the result of random factors.
The shortness of the period of record coupled with the need for an independent validation sample makes difficult the use of the simple regression models of the type analyzed above. The use of a number of similar basins as proxies for increasing the number of data is an interesting idea. However, this idea should be considered with caution because the errors in the snow index obtained from snow cover data for a given year are very probably closely correlated among themselves. Of course, at this time (1986) the extension of the results of this study to include the period 1980-1985 is advisable.
The studies of the type discussed above are useful only if too much optimism about the capabilities of the technique is not promoted. This could delay the development and implementation of the measures to correct the situation.
Improving forecast of snow-melt runoff will not be an easy task and probably will take several years and significant efforts to achieve. The effort should include, among others: a) Development of remote sensing sensors and platforms to survey snow density and depth in addition to snow covered areas. b) Inclusion in the model, of an index on the rate of snow-melt obtained from the variation of snow covered area at and prior to the time when the forecasts are made using images obtained at various times during the snow-melt period. c) Use of simple conceptual models with limited input requirement (precipitation, temperatures, topography) to calculate by,water balance and routing techniques the accumulated snow on the ground prior to the start of the snow-melt period.
As another possibility, a method for evaluating the water equivalent of snow from a sequence of snow covered areas has been recently suggested (Martinec 1985) .
In relation to this last recommendation, it is noted that one of the authors has carried out a study indicating that estimates of snow on the ground available from simple conceptual models are of comparable accuracy with those obtainable from gamma radiation surveys (Solomon 1972) . Of course the use of such models requires data on precipitation, and temperature, solar radiation etc. and those data may not be available at all in such areas as the upper Indus River basin and similar areas. For such areas, the usefulness of estimating precipitation and other meteorological parameters from remotely sensed satellite imagery, and the usefulness of such estimates in simple or advanced conceptual rainfall runoff model could form an interesting research topic. Such research should be carefully considered in planning future use of satellite data for predicting runoff from snow-melt in sparsely gauged river basins and planning future satellite missions.
